VPg (virus protein, genome-linked) is a multifunctional protein that plays important roles in viral multiplication in the cytoplasm. However, a number of VPgs encoded by plant viruses target the nucleus and this appears to be biologically significant. These VPgs may therefore be translocated between nuclear and cytoplasmic compartments during virus infection, but such nucleo-cytoplasmic transport has not been demonstrated. We report that VPg encoded by Wheat yellow mosaic virus (WYMV, genus Bymovirus, family Potyviridae) accumulated in both the nucleus and cytoplasm of infected cells, but localized exclusively in the nucleus when expressed alone in plants. Computational analyses predicted the presence of a nuclear localization signal (NLS) and a nuclear export signal (NES) in WYMV VPg. Mutational analyses showed that both the N-terminal and the NLS domains of VPg contribute to the efficiency of nuclear targeting. In vitro and in planta assays indicated that VPg interacts with WYMV coat protein (CP) and proteinase 1 (P1) proteins. Observation of VPg fused to a fluorescent protein and subcellular fractionation experiments showed that VPg was translocated to the cytoplasm when co-expressed with CP, but not with P1. Mutations in the NES domain or treatment with leptomycin B prevented VPg translocation to the cytoplasm when co-expressed with CP. Our results suggest that association with CP facilitates the nuclear export of VPg during WYMV infection.
INTRODUCTION
Plant viruses belonging to the families Potyviridae and Secoviridae as well as some members of the genus Sobemovirus and the family Luteoviridae encode a VPg (virus protein, genome-linked) that is covalently attached to the 59 ends of their viral genomic RNAs (Jiang & Laliberté, 2011) . Similarly, VPg is also linked to the RNA genome of some vertebrate viruses that belong to the families Picornaviridae and Calciviridae (Goodfellow, 2011) . VPg is generated through proteolytic cleavage of a polyprotein precursor by a viral-encoded protease (Goodfellow, 2011; Jiang & Laliberté, 2011) . VPg is thought to function as an mRNA cap structure analogue and therefore plays an essential role in the translation of the viral RNA genome. This is further established by numerous reports showing that VPgs interact with the cellular proteins that are associated with mRNA translation, including eukaryotic translation initiation factor 4E (eIF4E) or its isoform eIF(iso)4E (Goodfellow et al., 2005; Jenner et al., 2010; Kang et al., 2005; Khan et al., 2006; Schaad et al., 2000; Wittmann et al., 1997) , eIF4G (Hébrard et al., 2010; Michon et al., 2006) , elongation factor eEF1A (Thivierge et al., 2008) and poly(A)-binding protein (PABP) Léonard et al., 2004) . Some studies demonstrated that VPg is uridylated by viral RNAdependent RNA polymerase (RdRP) and serves as a primer for viral genome RNA synthesis (Anindya et al., 2005; Morasco et al., 2003; Murray & Barton, 2003; Osman et al., 2006; Puustinen & Mäkinen, 2004; Subba-Reddy et al., 2011) . Moreover, VPg or its precursor proteins interact with viral RdRP and other viral proteins (Fellers et al., 1998; Li et al., 1997; Lin et al., 2009; Yambao et al., 2003; Zilian & Maiss, 2011) and localize in the membrane-associated structures where viral RNA replication occurs (Cotton et al., 2009; Huang et al., 2010) . Thus, VPg also has a functional role in viral genome replication.
Despite being important for viral protein synthesis and viral genome replication in the cytoplasm, several potyvirus-encoded VPgs or NIa, a VPg precursor containing both VPg and the proteinase NIa-Pro, have been found to localize in the nucleus and nucleolus during viral infection or when expressed alone Hajimorad et al., 1996; Huang et al., 2010; Martin et al., 1992; Rajamäki & Valkonen, 2009; Restrepo-Hartwig & Carrington, 1992; Restrepo et al., 1990; Wei & Wang, 2008) . Mutations that disturb the nuclear targeting of NIa of Tobacco etch virus (TEV, genus Potyvirus) and Potato virus A (PVA, genus Potyvirus) resulted in reduced viral infectivity (Carrington et al., 1991; Rajamäki & Valkonen, 2009; Schaad et al., 1996) , indicating that nuclear localization of this protein is crucial for virus infection. Taken together, these observations imply that some VPgs are actively translocated between the nucleus and the cytoplasm during the course of viral infection, but the mechanism by which this transport occurs is unclear.
Wheat yellow mosaic virus (WYMV) is a member of the genus Bymovirus in the family Potyviridae (Namba et al., 1998) . WYMV infection is responsible for .90 % of winter WYMV disease outbreaks in China (Han et al., 2000; Sun et al., 2013a) . WYMV has two single-stranded positive-sense genomic RNAs. RNA1 (~7.6 kb) encodes a large polyprotein that is processed proteolytically to generate the eight mature proteins, namely P3, 7K, CI, 14K, VPg, NIa-Pro, NIb and coat protein (CP), whilst RNA2 (~3.5 kb) encodes a polyprotein that gives rise to two proteins, proteinase P1 and P2 (Fig. 1a) (Namba et al., 1998) . Like other viruses in the family Potyviridae, VPg is thought to be linked covalently to the 59 ends of the WYMV genomic RNAs.
The active nucleo-cytoplasmic shuttling of VPg has so far not been explored in plant cells. In this study, we demonstrate that WYMV VPg is distributed in both the cytoplasm and nucleus of infected cells, but exclusively localized in the nucleus when expressed alone. Interestingly, VPg is translocated to the cytoplasm when co-expressed with WYMV CP but not with P1, although it interacts with both proteins. Moreover, we determined that a putative nuclear export signal (NES) in the C-terminal portion is essential for translocation of VPg to the cytoplasm. Our results suggest a model by which VPg is distributed in the cell during virus infection.
RESULTS

VPg accumulates in both the cytoplasm and nucleus of WYMV-infected cells
To examine the subcellular distribution of VPg in WYMVinfected plant cells, immunogold electron microscopy was carried out using ultrathin sections prepared from symptomatic leaves of WYMV-infected wheat. The VPg antibody labelled both the nucleus and cytoplasm (Fig. 1b) . In the cytoplasm, VPg antibody predominantly labelled membrane-associated inclusion bodies that were observed commonly in the cells infected with WYMV or other bymoviruses (Hibino et al., 1981; Huth et al., 1984) , but did not label other organelles (Fig. 1b, MIB) . In a control experiment with non-infected samples, no immunogold labelling using VPg antibody was observed (Fig. 1c) . Next, the nucleus and cytoplasm of infected plant cells were separated by cellular fractionation and the resulting fractions were analysed by Western blotting. As shown in Fig. 1d , VPg was detected in both the cytoplasmic and nuclear fractions, whilst the WYMV CP predominantly associated with the cytoplasmic fraction. Together, these results indicate that VPg is distributed in both the cytoplasm and the nucleus during WYMV infection.
VPg localizes in the nucleus when expressed alone in Nicotiana benthamiana leaves
To examine the subcellular localization of WYMV VPg in the absence of virus infection, VPg was fused to the Cterminus of EGFP (EGFP-VPg) and then transiently expressed in leaves of N. benthamiana plants by agroinfiltration. GFP fluorescence was observed by confocal laser scanning microscopy (CLSM) at 3 days after inoculation (d.a.i.). CLSM observation showed that EGFP-VPg exclusively localized in the nucleus as confirmed by the DAPI staining, whereas unfused EGFP was diffusely spread throughout the entire cell (Fig. 2a) . Two patterns of EGFP-VPg localization in the nucleus were observed. Sometimes fluorescence was distributed diffusely in the whole nucleus (type I), but sometimes it was localized in aggregate structures (type II) with or without the distribution throughout the nucleoplasm (Fig. 2b) . Observation of~90 cells indicated that markedly more cells had the type II (83 %) than the type I pattern. Strikingly, the intensity of fluorescence was clearly greater in the nuclei that showed the formation of aggregates than in those where EGFP was distributed throughout the entire nucleus (Fig. 2b) . The nuclear aggregate structures therefore seem to be formed when there are excessive levels of EGFP-VPg in the nucleus. As some VPg precursors have been shown to localize in the nucleolus Rajamäki & Valkonen, 2009; Restrepo et al., 1990) , we next investigated whether the nuclear aggregate structures formed by EGFP-VPg are associated with the nucleolus. EGFP-VPg was therefore coexpressed with Arabidopsis thaliana fibrillarin 2 (AtFib2) fused to the C-terminus of red fluorescent protein (RFP-AtFib2) in N. benthamiana leaves. AtFib2 is a resident protein of both the nucleolus and cajal body (Kim et al., 2007) . RFP-AtFib2 localized in the nucleolus (Fig. 2c , larger structures) and cajal bodies (Fig. 2c , punctuate structures), but did not co-localize with the aggregates formed by EGFPVPg (Fig. 2c) , indicating that the EGFP-VPg-induced aggregates are not formed in the nucleolus.
The N-terminal half region of VPg is responsible for the nuclear targeting WYMV VPg has amino acid sequence identities of~79 %, 74 %, 66 % and 26 % to those encoded by other bymoviruses, wheat spindle streak mosaic virus (WSSMV), barley yellow mosaic virus (BaYMV), oat mosaic virus (OMV) and barley mild mosaic virus (BaMMV), respectively. An alignment of these protein sequences shows that there are relatively few conserved amino acids distributed throughout the VPg coding region (Fig. 3a) . The programs PSORT and NLStradamus (Nakai & Kanehisa, 1991; Nguyen Ba et al., 2009 ) both predicted the presence of a nuclear localization signal (NLS) in the VPgs of WYMV, WSSMV, BaYMV and OMV, but not in that of BaMMV ( Fig. 3a , red dashed rectangles). To determine the domain in the VPg that is important for its subcellular distribution, we constructed a series of VPg mutants that deleted 22, 50, 88 or 119 aa of the N-terminus (DN22, DN50, DN88 and DN119, respectively) or 20, 68, 92, 137 or 162 aa of the Cterminus (DC20, DC68, DC92, DC137 and DC162, respectively). To examine the role of the NLS motif, a mutant was created in which Lys34 and Arg35 in the NLS domain were substituted to two consecutive Ala (34A/35A) ( Fig. 3a) . All of the mutants were fused to the C-terminus of EGFP and expressed in N. benthamiana leaves by agroinfiltration.
CLSM observation showed that the EGFP fused to Nterminally deleted or 34A/35A mutants accumulated in the cytoplasm and nucleus (Fig. 3b) . EGFP fused to DC22, DC68 and DC92 had a similar subcellular distribution to EGFP-VPg, and exclusively localized in the nucleus, whereas EGFP fused to DC137 or DC162 accumulated in the cytoplasm and nucleus (Fig. 3b ). These results demonstrate that the N-terminal half of VPg is responsible for localization to the nucleus, and both the N-terminal 22 aa and the NLS domains contribute to the efficiency of nuclear targeting. This is similar to the VPg of TEV and PVA, which require both the N-terminal residues and the NLS domain for their efficient nuclear localization (Carrington et al., 1991; Rajamäki & Valkonen, 2009 ). As some portions of EGFP fused to N-terminally deleted or 34A/35A mutants still accumulated in the nucleus, it is possible that these fusion proteins are partially imported and/or passively diffused to the nucleus (Macara, 2001 ).
VPg binds CP and P1
As WYMV VPg accumulated in both the cytoplasm and nucleus of infected cells, but localized in nucleus when expressed alone (Figs 1 and 2), we hypothesized that other viral proteins may interact with VPg and regulate its subcellular distribution. A protein pull-down assay was performed to search for the viral proteins that bind to VPg. Glutathione S-transferase (GST) tagged VPg fusion (GSTVPg) was expressed in Escherichia coli (Fig. 4a, upper panel) and then used as a bait protein in a pull-down assay using a total protein extract from leaves of WYMV-infected wheat. After pull-down, protein samples were run on SDS-PAGE and followed by silver staining. Several protein bands were specifically seen in the GST-VPg sample, but not in the unfused GST sample (data not shown). Liquid chromatography-tandem MS (LC-MS/MS) was used to identify these specific protein bands. Several cellular proteins and viral proteins NIa-Pro, CP, P1 and VPg were identified. The presence of CP, NIa-Pro and P1 in the GST-VPg sample, but not in the unfused GST sample, was confirmed by Western blotting (Fig. 4a, lower panels) . Analyses of the cellular proteins that interact with VPg will be presented in a future report. Bimolecular fluorescence complementation (BiFC) assays (Hu & Kerppola, 2003) were then used to confirm the interaction of those viral proteins with VPg in planta. WYMV VPg, P1, NIa-Pro and Fig. 4b and data not shown). In control experiments, no fluorescence was detected when all fusion constructs were co-expressed with unfused EYFP(n/ c) constructs (data not shown). These results indicate that VPg interacts with CP and P1 in planta. Western blotting using purified WYMV virions and VPg-specific antibody showed the presence of the VPg in virion samples (Fig. 4c) , suggesting that WYMV virions may contain VPg. As an interaction between VPg and NIa-Pro could not be shown by the BiFC assay, it is possible that VPg indirectly associates with NIa-Pro through another viral or cellular protein.
In addition, EYFP fluorescence was observed in cells co-expressing EYFP(n)-VPg and EYFP(c)-VPg, suggesting that VPg is able to self-interact (Fig. 4b) . It was noted that the EYFP fluorescence reconstructed by VPg and CP interaction was observed predominantly in the cytoplasm with some aggregate structures visible in the cytoplasm. However, fluorescence reconstructed by VPg and P1, and also by VPg self-interaction, exclusively localized in the nucleus as confirmed by DAPI staining (Fig. 4b and data not shown). It therefore seems that interaction with CP may result in the distribution of VPg to the cytoplasm.
VPg is distributed to the cytoplasm when coexpressed with CP, but not with P1
Co-expression experiments were used further to examine the effect of CP or P1 expression on VPg subcellular distribution. When expressed alone in N. benthamiana leaves, EGFP-CP accumulated in aggregate bodies of various sizes in the cytoplasm, but there was no apparent accumulation in the nucleus, whereas EGFP-P1 accumulated in both the cytoplasm and the nucleus (Fig. 5a) . Thus, the subcellular distributions of CP and P1 are substantially different from that of VPg. When EGFP-VPg was co-expressed with CP fused to the C-terminus of red fluorescent protein (RFP-CP), EGFP-VPg become co-localized with RFP-CP in cytoplasmic aggregate bodies (Fig. 5b, white arrows) , showing that coexpression with the CP results in the distribution of VPg to the cytoplasm. Moreover, sometimes RFP-CP was observed to co-localize with EGFP-VPg in the nucleus (Fig. 5b, insets) , but RFP-CP did not accumulate in the nucleus when expressed alone (data not shown). This observation suggests that CP was transported together with VPg to the nucleus. In contrast, co-expression with RFP-P1 did not alter the subcellular distribution of EGFP-VPg, which remained localized in the nucleus (Fig. 5b) .
Next, cellular fractionations were carried out to examine the subcellular distribution of unfused VPg when expressed alone or together with unfused CP or P1. Western blotting showed that when expressed alone, VPg and CP exclusively associated with the nuclear and cytoplasmic fractions, respectively, while P1 associated with both the nuclear and cytoplasmic fractions (Fig. 5c) .
In a control experiment, GFP fused with the endoplasmic reticulum (ER) targeting signal (GFP-ER) was only detected in the cytoplasmic fraction (Fig. 5c ), confirming the reliability of the fractionation. When VPg and CP were co-expressed, VPg was detected in both the cytoplasmic and nuclear fractions with a larger proportion of protein detected in the cytoplasmic than the nuclear fraction, while CP associated predominantly (but not exclusively) with the cytoplasmic fraction (Fig. 5d) . In contrast, when VPg and P1 were co-expressed, the distribution pattern of both proteins was similar to that when they were expressed alone (Fig. 5e ). This result further confirms that CP, but not P1, expression alters the subcellular distribution of VPg.
NES is required for the translocation of VPg to the cytoplasm
When the interaction of VPg mutants with CP was assayed by BiFC in planta, only the DC92 mutant was unable to interact with CP (Fig. 6a) , suggesting that the C-terminal portion of VPg (aa 92-187) is responsible for binding to CP. Interestingly, EYFP fluorescence reconstituted by the interaction of CP with DC68 was only observed in the nucleus, whereas that reconstituted by interaction between CP and DC20 was distributed in both the cytoplasm and nucleus (Fig. 6a) . This observation suggests that a region between aa 120 and 167 is required for translocation of VPg to the cytoplasm. When analysed by NetNES (la Cour et al., 2004), a NES prediction program, WYMV VPg, but not the VPgs of other bymoviruses, was predicted to contain a NES in the C-terminal portion (aa 123-135) (Fig.  3a , blue dashed rectangle). We then generated VPg mutants with a disrupted NES domain by internal deletion of aa 124-136 (DNES) or substitution of Arg132 and Met133 to two consecutive Ala (132A/133A). When fused to EGFP, both of them accumulated exclusively in the nucleus (data not shown). The interactions of these mutants with CP were then assayed by BiFC. EYFP fluorescence reconstituted by the interaction of CP with DNES or 132A/133A mutant localized exclusively in the nucleus (Fig. 6a) , suggesting that the putative NES domain is indeed essential for the translocation of VPg from the nucleus to the cytoplasm.
In the next experiment, the subcellular distribution of EGFP fused to WT and mutants of VPg were compared when they were expressed alone or together with unfused CP. In the presence of CP, a high proportion of EGFP-VPg accumulated in the cytoplasm, particularly in the aggregate structures, and the fluorescence signal was generally less intense in the nucleus (Fig. 6b) . Quantification of EGFP intensity showed three-to four-fold higher levels of fluorescence in the cytoplasm than the nucleus when co-expressed with CP (Fig. 6c) . Among other fusion proteins tested (EGFP2DC20, 2DC68, 2DC96, 2DNES and 2132A/133A), only EGFP2DC20 containing the intact NES domain showed cytoplasmic accumulation when co-expressed with CP (Fig. 6b, c) . These observations concur with the results of the BiFC assay (Fig. 6a) . EGFP-DC68, -DNES or 2132A/133A frequently formed aggregate structures in the nucleus when co-expressed with CP ( Fig. 6b ), but these structures were rarely seen in the nucleus of cells co-expressing CP and EGFP-VPg or -DC20 (Fig. 6b) . Formation of nuclear aggregate structures was also observed when CP interacted with DC68, -DNES or 2132A/133, but not with DC20 in the BiFC assay (Fig. 6a) . Thus, it seems that the VPg forms aggregates in the nucleus when it is unable to be translocated to the cytoplasm. Quantification of fluorescence signals showed that EGFP-DN22, -DN50 and 234A/35A had almost equal fluorescent intensity between the cytoplasm and nucleus whether they were expressed alone or together with CP (Fig. 6c) , showing that CP expression does not affect subcellular distribution of VPg mutants that are not efficiently transported to the nucleus.
Leptomycin B (LMB) inhibits the translocation of
VPg to the cytoplasm LMB inhibits nuclear export of proteins by binding to a nuclear export receptor (exportin/CRM1) that recognizes NES (Kudo et al., 1998) . To examine the effect of LMB on VPg translocation to the cytoplasm, leaves of N. benthamiana expressing EYFP(n)-CP and EYFP(c)-VPg were treated with LMB. Leaves were infiltrated with LMB solution (0.8 mM LMB in 10 mM MES buffer) at 42 h after agroinfiltration and EYFP fluorescence was observed 6 h later (at 2 d.a.i.). In epidermal cells of LMB-treated leaves, a high intensity of EYFP fluorescence signal reconstituted by the interaction between CP and VPg was observed in the nucleus, but not in the cytoplasm. In contrast, in buffer-treated leaves, the EYFP signal was much stronger in the cytoplasm than the nucleus (Fig. 7) . This result suggests that an active nuclear export is involved in the transport of VPg-CP complex to the cytoplasm.
DISCUSSION
The localization of VPg or its precursor protein to the nucleus has been reported widely for viruses of the genus Potyvirus (e.g. TEV, PVA, Peanut stripe virus and Plum pox virus: Hajimorad et al., 1996; Huang et al., 2010; Rajamäki & Valkonen, 2009; Restrepo-Hartwig & Carrington, 1992; Restrepo et al., 1990) , but little is known about the subcellular localization of the VPg of viruses from other genera in the family Potyviridae. It is important to note that the VPg precursor of Turnip mosaic virus (genus Potyvirus) is equally distributed in the cytoplasm and nucleus of infected cells, but predominantly accumulates in the nucleus when expressed alone . Our analysis of the VPg sequences of viruses in the family of Potyviridae using online programs predicted potential NLSs in the VPg proteins of viruses belong to the genera Poacevirus, Ipomovirus and Brambyvirus (data not shown). Thus, nuclear targeting may be a common characteristic of the VPg encoded by viruses belong to the family Potyviridae.
The nucleus maintains the integrity of the genome, but also manages cellular activities. Many proteins encoded by cytoplasmically replicating RNA viruses have been found in the nucleus, or have a nucleo-cytoplasmic shuttling phase during virus infection. Furthermore, a growing number of studies provide evidence that the aim of viral protein targeting to the nucleus is to seize host components required for virus replication or to interfere with the cellular functions and metabolism (Hiscox, 2003 (Hiscox, , 2007 . VPg was shown to partially recruit PABP and DEAD-box RNA helicase-like proteins (AtRH8) to the nucleus, two proteins that usually accumulate in the cytoplasm Huang et al., 2010) , suggesting that nuclear targeting of VPg may induce the alteration of host cellular activities. In addition, the VPg encoded by PVA suppresses RNA silencing and this ability is linked with its nuclear targeting (Rajamäki & Valkonen, 2009 ). This finding supports the notion that nuclear localization of VPg is required for inhibition of host antiviral defence. However, in our experiment using agrobacterium co-infiltration assay (Voinnet et al., 1998) , WYMV VPg did not exhibit an RNA silencing suppression activity whether expressed alone or together with CP or P1 (unpublished results), suggesting that the nuclear localization of WYMV VPg is not related to the suppression of RNA silencing-mediated antiviral defence.
Given its functional diversity in facilitating viral multiplication in the cytoplasm and modification of cellular activities through nuclear targeting, VPg has to be distributed between nuclear and cytoplasmic compartments during virus infection. Accumulation of WYMV VPg in the cytoplasm of infected cells, but not when it was expressed alone (Figs 1 and 2 ), suggests that other virally encoded proteins might regulate the subcellular distribution of WYMV VPg. A similar mechanism could possibly account for the subcellular distribution of other VPgs encoded by potyviruses. Using GST pull-down and BiFC assays, we identified that WYMV VPg interacts with CP and P1 (Fig. 4) . Previously, an interaction between CP and VPg was identified in some potyviruses (Shen et al., 2010; Zilian & Maiss, 2011) , but not in others (Guo et al., 2001; Lin et al., 2009) , showing that the CP-VPg interaction is not generally conserved in viruses of the family Potyviridae. Interestingly, co-expression of WYMV VPg with CP, but not with P1, resulted in redistribution of VPg to the cytoplasm (Fig. 5b-e) . Mutation in a putative NES domain impaired VPg redistribution to the cytoplasm when co-expressed with CP (Fig. 6 ). In addition, treatment with LMB inhibited VPg translocation to the cytoplasm (Fig. 7) . Taken together, these observations suggest strongly that redistribution of VPg in the cytoplasm during co-expression with CP involves active nuclear export of VPg rather than blockage of the transport of VPg to the nucleus. It is still unclear how the interaction with CP could facilitate the translocation of VPg to the cytoplasm. The active nuclear export of proteins is mediated by exportin, a nuclear trafficking receptor that binds to the NES of a cargo protein (Merkle, 2011; Pemberton & Paschal, 2005) . As VPg is a highly disordered protein (Grzela et al., 2008; Rantalainen et al., 2008) , it is possible that interaction with CP enables VPg to attain the proper conformation required for its recognition by an exportin. The putative NES motif in WYMV VPg predicted by the NetNES program does not resemble the classical NES that is characterized usually by the presence of four highly hydrophobic residues (la Cour et al., 2004) . The presence of a NES was not predicted in the VPg of other bymoviruses, but the amino acid sequences that correspond to the NES domain in WYMV VPg are relatively similar, particularly the non-polar residues which are highly conserved (Fig. 3a) . Therefore, it is possible that these corresponding regions also have a similar function in the regulation of nuclear export of VPgs. The role of the NES in VPg for WYMV replication remains to be elucidated. Intriguingly, a BaYMV mutant with the mutation of His132 in VPg to Ala (corresponding to Ala132 in the NES of WYMV VPg that was also mutated in this study) replicated much less efficiently in barley protoplasts (You & Shirako, 2012) . This result provides a precedent to suggest the importance of the NES domain in WYMV multiplication.
METHODS
Virus and plant materials. WYMV-infected wheat plants were derived from a field in Yangzhou city, Jiangsu Province, China (Chen et al., 1999) . N. benthamiana plants were grown in soil and kept in a growth cabinet at 24 uC with 16 h daylight.
Plasmid constructions. The DNA fragments corresponding to the VPg, CP, P1 and NIa-Pro of WYMV were amplified by reverse transcriptase-PCR using total RNA extracted from leaves of infected wheat. Site-directed mutagenesis was done by two PCR steps (Herlitze & Koenen, 1990) . For transient expression of proteins, DNA fragments were ligated into the binary vector pBin61 (Voinnet et al., 1998) using BamHI and SmaI sites. For fluorescent protein fusions, DNA fragments were inserted into pBin-EGFP and pBin-RFP plasmids (Sun et al., 2013b) . For the BiFC assay, DNA fragments were inserted into pBin-NYFP and pBin-CYFP plasmids (Sun et al., 2013b) . Plasmid RFP-AtFib2 has been described previously (Lu et al., 2011) . For expression of GST-tagged recombinant proteins, DNA fragments were introduced between the BamHI and NotI sites of pGEX-6P-1 (Invitrogen).
Cellular fractionation and virus purification. For cell fractionation, protoplasts were first isolated from leaves of wheat or N. benthamiana as described previously (Andika et al., 2013) . Nuclei were released by freeze-thaw and mild vortexing in a buffer containing 10 mM HEPES (pH 7.9), 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT and 16 protease inhibitor cocktail (Roche), and then followed by centrifugation at 228 g for 5 min. The supernatant was kept as the cytoplasmic fraction, whilst the pellet was resuspended in a buffer containing 0.25 M sucrose, 10 mM MgCl 2 and 16 protease inhibitor cocktail, and layered over a buffer containing 0.88 M sucrose and 0.5 mM MgCl 2 prior to centrifugation at 2800 g for 10 min to obtain the nuclear pellet. Virion purification was carried out as described previously (Usugi & Saito, 1976) .
Antibody preparation. GST-tagged VPg, CP, P1 and NIa-Pro were expressed and purified as described previously (Sun & Suzuki, 2008) . Antibodies were produced as described previously (Sun et al., 2013b) .
Immunogold electron microscopy. Preparation of ultrathin sections of WYMV-infected wheat leaf tissues and immunogold labelling were carried out as described previously (Sun et al., 2013c; Xiong et al., 2008) . The grids were observed under an H-7650 transmission electron microscope (Hitachi).
GST pull-down assay. Total protein was extracted from leaves of WYMV-infected wheat with a binding buffer (20 mM Tris/HCl (pH 7.0), 0.2 M NaCl, 1 mM EDTA, 0.5 % NP-40 and 16 protease inhibitor cocktail). Total protein extract was then allowed to flow through a glutathione Sepharose 4B affinity column (Amersham Pharmacia) with immobilized GST-VPg or GST protein. After washing three times with the binding buffer, the matrix column was resuspended in SDS-PAGE sample buffer, denatured by boiling, run on SDS-PAGE and stained or analysed by Western blotting.
Protein identification by LC-MS/MS. LC-MS/MS was generally performed as described previously (Li et al., 2009) . Each sample was analysed in triplicate. Database searches using the MS/MS spectra were conducted using Mascot search engine (http://www. matrixscience.com) against the Swiss-Prot database. The protein identification criteria were based on Delta CN (¢0.1) and crosscorrelation scores (Xcorr) of ¢1.9, ¢2.2 and ¢3.75 for charge states 1+, 2+ and 3+, respectively.
Western blot analysis. Western blotting was performed as described previously (Sun & Suzuki, 2008) . For detection of VPg, CP, P1 and NIa-Pro, primary polyclonal antibodies (1 : 1000) and secondary polyclonal alkaline phosphatase-conjugated goat anti-rabbit IgG (1 : 5000) (Sigma) were used.
Fluorescent protein imaging and quantification. Fluorescent protein expression in epidermal cells was observed by CLSM using a Leica TCS SP5 instrument with a laser excitation/emission filter as described previously (Sun et al., 2013c) . The intensity of EGFP fluorescence in the cytoplasm and nucleus was quantified using a signal quantification tool provided by the Leica CLSM imaging software. 
